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ABSTRACT 
 
Epidermal electronic devices offer enormous potential as sensors and actuators 
for biomedical research and clinical application. One such area, cutaneous wound healing 
management, currently utilizes subjective analyses of health and instrumentation that 
does not conform sufficiently to the properties of skin. The desire to collect precise 
medical data over periods of time aligns well with the capabilities of flexible, stretchable, 
multi-functional devices. In this work, epidermal electronic devices are designed to 
spatially gauge temperature and hydration on the skin in order to quantitatively explore 
the process of wound healing. The design of the device and system incorporates several 
recent advances in flexible electronics, including fractal motifs, to adapt and optimize data 
acquisition after the removal of basal cell carcinoma. Initial results are promising and 
more patients will be included to determine the feasibility, reliability, and multifunctional 
potential of epidermal electronic devices for wound management and other non-invasive 
applications. 
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CHAPTER 1 
INTRODUCTION TO WOUND MONITORING 
 
1.1 Introduction to Wound Healing 
With the increased interest in biotechnology and healthcare, medical problems 
new and old are being investigated for more effective and cost-efficient solutions. Wound 
monitoring describes the surveillance of wound sites, opened intentionally or otherwise, 
as the wound heal by closing. Because wounds are so ubiquitous, medical professionals 
have great interest to develop technologies which prevent infection and encourage 
healthy new skin tissue. 
Wound are most easily classified by the time frame of healing [1]. Acute wounds 
heal within 30 days, a majority between 5-10 days, and have the ability to repair 
themselves which restores functionality and anatomy. Chronic wounds cannot be 
repaired in the same way because the healing process is obstructed at some stage, e.g. 
infection and continuous inflammation.  Chronic wounds are susceptible to relapse. A 
complicated wound refers specifically to cases involving an infection and a tissue defect. 
Wounds can be further classified by characteristics such as disease, contamination, 
morphology, and organ proximity. 
Surgical wounds progress through four (overlapping) phases of healing: (i) 
hemostasis or coagulation; (ii) inflammation; (iii) repair via cell migration, proliferation, 
matrix repair, and epithelialization; and (iv) maturation or remodeling of the scar tissue 
[2]. The hemostasis stage primarily serves to slow bleeding and inhibit hemorrhaging from 
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the wound via the aggregation of platelets. A fibrin clot begins to form a matrix into which 
cells can migrate and proliferate. Platelets release several biologically active substances 
which can activate these various cells. [3] Inflammation is initiated by blood clotting and 
platelet degranulation, which are detectable by skin redness (erythema), swelling 
(edema), and increased temperature. [2] In this second phase, neutrophils prevent 
infection by killing and removing bacteria, foreign particles, and damaged tissue [1]. Later 
in the inflammation phase (48-72 hrs. after wound is created), macrophages and 
lymphocytes begin to enter the wound site to stimulate growth [1, 2]. The proliferative 
phase begins tissue repair between the third day and next two weeks and is detectable 
by the formation of granulated tissue. During this phase, fibroblasts migrate and create 
collagen which forms the backbone of the new extracellular matrix. Mechanical integrity 
and adhesiveness of the matrix greatly influence the healing process [1]. The final phase, 
remodeling, occurs when the new epithelium develops and final scar tissue is formed. 
The time frame of this phase is not clearly defined other than long, e.g. 1-2 years. 
Collagen is synthesized and broken down continuously as the matrix becomes more 
oriented and cross-linked [1]. 
To complement visual indications of progress (redness, irritation), effort has been 
ongoing to characterize wounds with thermal properties. Temperature is a metric of 
interest for all wounds due to its indication of inflammation. During the inflammation 
phase, the damaged area experiences an increased demand for oxygen and nutrients 
[4]. Therefore, the metabolic rate increases blood flow around the site, increasing the 
temperature [5]. In another medical example, temperature is often used to estimate the 
depth and severity of burns [6, 7]. Treatment and the necessity of surgery differ between 
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shallow and deep wounds [6]. Colder sites indicate deeper burns and the difference 
between a partial- and full-thickness wound can be about 1-2 °C [7]. Temperature has 
not been the only thermal property of interest. For example, some work tries to exploit the 
difference in thermal conductivity between burnt and nonburnt skin to create a depth 
profile [7]. 
 
1.2 Moist Wound Healing 
A moist wound environment greatly facilitates the wound healing process. Moisture 
prevents tissue dehydration, reduces cell death, accelerates angiogenesis, and increases 
tissue breakdown and cell interaction with growth factors [8]. All of these factors result in 
reduced pain and faster healing. 
The moist environment is contained with the help of occlusive dressings [8, 9]. 
Occlusive dressings prohibit permeation of air and water between environments, as 
opposed to gauze pads. These dressings have also helped reduce the fear of infection, 
which theoretically would be stimulated by the moist environment but has not been 
observed to be [8, 9]. 
Information on the hydration of the skin itself during the wound healing process is 
less prevalent than information on temperature. This project seeks to offer insight into 
how hydration may factor into the wound healing process, as well as develop sensors 
which could be used for monitoring moisture at the wound surface. 
 
1.3 Basal Cell Carcinoma 
In this study, patients are being treated for basal cell carcinoma. Although not 
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considered fatal, basal cell carcinoma can cause morbidity and increased risk of further 
spread or other malignancies, such as malignant melanoma and squamous cell 
carcinoma [10, 11]. Although the exact nature of basal cell carcinoma proliferation is not 
well understood [10, 11], it is generally agreed [12] that exposure to ultraviolet radiation 
increases the risk among light-skinned persons. Although it is the most common 
malignancy among those most susceptible to it, it is only destructive locally and does not 
spread quickly [10].  
Numerous treatments are available; in this project, cancer cells are removed by an 
operation called Mohs’ micrographic surgery [12]. The surgery uses horizontal frozen 
sectioning to examine tissue one layer at a time until the area is considered to be free of 
tumor [12]. 
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CHAPTER 2 
EPIDERMAL ELECTRONICS 
2.1 Introduction 
Epidermal electronics describes a novel field of electronically functional devices 
which act mechanically like skin [1]. For epidermal electronic systems, the effective elastic 
modulus of the device depends highly on the elastic modulus of the substrate. If the 
substrate is sufficiently thin and soft, the device layers will adapt to the mechanical 
properties of the substrate while retaining electronic functionality. Additionally, the low 
bending energy of the device permits conformal contact with the skin [2]. These 
mechanics coupled with high performance electronics have enabled incredible advances 
including temperature sensors [3], wireless hydration sensors [4, 5], electrophysiological 
sensors [6], and spray-on capabilities [7]. 
 
2.2 Temperature Measurement 
Although a seemingly meek approach compared to other biotechnological 
advances, temperature measurement can provide an abundance of medical information. 
methods of measuring temperature certainly exist and are used in practice. A 
thermometer is an obvious but invasive tool to measure temperature. A prominent non-
invasive tool to record temperature is an infrared (IR) camera. Infrared imaging is a non-
invasive technique that can be very effective for monitoring wounds and predicting healing 
success [8, 9]; however, infrared cameras are expensive, mono-functional (temperature), 
and do not dynamically conform to the motions of the body. One project used an IR 
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camera in conjunction with a digital camera and hyperspectral imaging systems to 
combine information about temperature and tissue oxygenation, which is highly relevant 
to tissue metabolism and tissue repair and healing [10]. 
Gao explored the use of thermotropic liquid crystals to measure temperature [11]. 
This approach was attempted in this experiment, but our experimental design was not 
adequate yet for accurate analysis. This method is convenient for multi-functional 
devices, as the liquid crystals do not interact with electronic components; however, the 
applicable liquid crystals are sensitive to ultraviolet light. 
 Webb explored the use of temperature sensing arrays [3]. Relying on the 
temperature coefficient of resistance, a simple formula can be used to determine the 
temperature of a metal sensor using the resistivity: 
 𝜌 = 𝜌𝑅𝐸𝐹[1 + 𝛽(𝑇 − 𝑇𝑅𝐸𝐹)] (2-1) 
where ρ is the resistivity,  β is the temperature coefficient of resistance, T is temperature, 
and REF is any reference condition within the linear range [12]. Doped silicon [3] or 
composite materials [13] can be used; however, the non-linear behavior and extra 
fabrication steps increase the complexity of the system. 
 Another important consideration for resistance measurements is the effect of 
strain. Although strain gauges have applications within epidermal electronics and wound 
healing, they affect the resistance as [14]: 
 
𝐺𝐹 =
∆𝑅/𝑅0
𝜀
 
(2-2) 
where GF is the gauge factor, R is the resistance, R_0 is the initial resistance, and ε is 
strain. Buckling [15] and serpentine interconnects can ameliorate this problem. In this 
project, instead of measuring device strain, efforts such as the fractal motif and four point 
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method minimize the effect on the sensor measurement, discussed further in the next 
section.  
 
2.3 Hydration Measurement 
Accurate hydration monitoring has many applicable fields in addition to wounds [4, 
5]. Several approaches can be taken and there is still room to improve. Xiao compared 
multiple hydration measurement techniques on the stratum corneum; techniques 
generally agreed but correlation between the instruments depended on the location of 
measurement [16]. 
Work has been done to measure and correlate hydration and impedance [4], even 
directly on the wound [17]. Moist surfaces have low impedance; dry surfaces have high 
impedance. The device directly on the wound [17] initiated pain in one patient and 
highlights the importance of probing as non-invasively as possible. Still, impedance 
measurements show promise and deserve further exploration. 
Thermal conductivity is another metric that correlates with hydration. Moist 
surfaces have higher thermal conductivity than dry surfaces. By creating a profile of heat 
dissipation, one can characterize the thermal diffusivity. Thermal diffusivity relates directly 
to thermal conductivity: 
 
𝛼 =
𝑘
𝑐𝑝𝜌
 
(2-3) 
where α is thermal diffusivity, k is thermal conductivity, c_p is the specific heat capacity, 
and ρ is the density. 
 To measure thermal conductivity, this project utilizes the 3ω method, a transient 
measurement developed to measure thermal conductivity without artifacts caused by 
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radiation [18]. In the 3ω method [18, 19], an alternating current induces Joule heating in 
a wire which acts simultaneously as a radial heat source and resistor. The oscillatory 
components of the current (at frequency ω) and of the resistance (at frequency 2ω due 
to Joule heating) yield a measurable voltage that oscillates at a frequency of 3ω. The 
depth of thermal penetration will depend on the thermal properties of the substrate. 
Because the steady-state of the system involves oscillations, one can analyze the phase 
lag of a thermal wave as it propagates. Interesting behavior occurs at thermal penetration 
depths 5x larger than the wire half-width. The in-phase component of temperature 
oscillations behaves linearly with decreasing logarithmic frequency. With mathematical 
manipulation, this relationship yields: 
 
𝜆 =
𝑉3  ln
𝑓𝐻𝐼𝐺𝐻
𝑓𝐿𝑂𝑊
4𝜋𝐿 𝑅 (𝑉3𝜔𝐿𝑂𝑊 − 𝑉3𝜔𝐻𝐼𝐺𝐻)
𝑑𝑅
𝑑𝑇
 
(2-4) 
where R is the nominal resistance of the sensor, V is the root-mean-square voltage drop 
at 1ω, f_HIGH is a selected higher frequency, f_LOW is a lower frequency, L is the length 
of the sensor, V_3ω is the measured RMS voltage at 3ω for each frequency, and dR/dT 
is resistance change as a function of temperature. 
It should be noted that among the many assumptions of the method is close 
interfacial contact between the substrate and the wire. In this project, the wire does not 
directly touch the skin and the method of adhesion to skin does risk the trapping of air 
pockets. 
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CHAPTER 3 
 
FRACTAL DESIGN CONCEPTS FOR SENSORS1 
 
3.1 Introduction 
Flexible electronics are already offering promising techniques to measure medical 
metrics such as temperature and hydration; however, unlike rigid wafer-based sensors, 
flexible electronic devices must accommodate significant strains. While the holistic device 
may experience large strains, the sensor itself can be designed to experience smaller 
local strains by utilizing a serpentine pattern. 
Two common approaches exist to alleviate strain within an electrode. The first 
approach is to load an elastomeric material with conductive particles [2, 3]. However, this 
approach often has limited control of isotropy, as weight fraction is the primary 
controllable variable, and results in a high resistivity material. A second approach is to 
encapsulate thin, high performance conducting or semi-conducting materials in 
filamentary designs. This approach enables high conductivities and complex circuits with 
macroscopic mechanics dominated by the encapsulant. The latter method was used in 
this paper. 
In addition to exploiting the bendable mechanics of thin metal films, one can also 
exploit the opportunities of circuit design. Rather than linear wires, serpentine wires have 
become useful for reducing true strain and enabling stretchability without immediate 
plasticity or fracture. Building on this concept, one can design a wire with high areal 
                                                          
1 This chapter includes previously published material from: Fan, J; et al. Fractal design concepts for stretchable 
electronics. Nat. Comm. 2014, 5:3266 doi: 10.1038/ncomms4266 [1]. I performed certain experiments. 
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density and spring-like motifs to support multiple deformation modes, including biaxial or 
radial deformation. Even when limited by 2-dimensional microfabrication techniques, 
fractals provide templates that can organize these patterns. This fractal patterning 
approach is depicted in Figure 3.1. 
Electrodes have been used to measure electrophysiological processes in the brain 
(electroencephalograms), heart (electrocardiograms), and muscle (electromyograms). 
High areal coverage and conformal contact with the surface to be measured minimize 
impedance as well as noise. Additionally, defects from metal deposition or line breaks (for 
certain patterns) have a reduced probability of significantly affecting device performance, 
which aids the practical implementation of these electrodes. This feature also translates 
well for multifunctional device concepts. 
 
3.2 Modeling and Methods 
Figure 3.2 displays several types of 2D fractal patterns which could be applied to 
stretchable devices. The von Koch, Peano, and Hilbert curves offer practical device 
patterning for electrode-based devices. The Moore and Vicsek patterns are self-contained 
loops are therefore not immediately practical for 4-point resistance sensors, but offer use 
as RF antennas; similarly, the Greek cross does not have just two ends and therefore is 
also not immediately practical for 4-point resistance measurements, but allows use for 
other types of measurement such as ECG or EEG. Nonetheless, all designs could be 
modified for utility for an application and were analyzed for stretchability. 
Figure 3.3 demonstrates that all the different orientations of curves greatly increase 
the stretchability before the maximum allowable strain is reached. Calculation of local 
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strain is provided by FEM analysis and use of 0.3% local strain as the onset of plastic 
yield, which was considered as the maximum true strain allowable for device feasibility. 
Plastic deformation would affect the resistance of an electrode and thus affect 
measurements, leading to either inaccurate data or a need to recalibrate. Metals such as 
gold or copper are FCC materials and therefore theoretically induce plasticity immediately 
upon deformation; however, for practical purposes, a low limit such as 0.3% is often used 
[4]. Micro-XCT images were taken to compare FEM predictions with actual results, and it 
can be seen that they match nicely. For reference, it should be noted that the upper limit 
for skin stretchability is 20% [5]. It should be noted that increasing the order of a pattern 
will enhance stretchability. Fractals in this paper are second or third order.  
Experimentally, to measure maximum strain before onset of deformation, devices 
were cyclically stretched until a small but measureable change in resistance is induced. 
An example set-up is visible in Figure 3.4. A control device on wafer was used to 
normalize small strains that could be induced during transfer, ACF bonding, or other 
fabrication processes. Devices were incrementally stretched 4-5% with full retraction after 
each measurement. It should be noted that care was taken to prevent slippage. Like 
tensile testing, polymeric materials are susceptible to slippage even at low strains, which 
significantly impacts testing and can provide poor results. Simply clamping down on the 
device further was not a holistic solution, as this caused volume changes easily visible by 
the warping of the substrate mid-air. To avoid slippage within the stretching machine, tape 
was applied on the top and bottom in addition to tight clamping. 
Fabrication of the devices for this paper was done as follows. PDMS was spun 
onto a silicon wafer as an even layer, cured, and then oxidized with UV light. Polyimide 
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(PI) was then spun onto the PDMS layer as a 1.2 micron thick layer. Electron beam 
evaporation deposition was used to deposit chromium (4 nm) and gold (300 nm) layers 
onto the PI. The device is then patterned via photolithography and wet etching. Wires are 
70 microns wide outside the bonding pad area. Then another 1.2 micron layer of PI is 
spun onto the device and the PI is patterned via photolithography and reactive ion etching. 
Water soluble tape (3M) is used to peel the device off the wafer substrate, splitting the 
bond between the PDMS and PI. Electron beam evaporation is used to deposit a 
chromium-silica layer with aids in transfer onto a separate, final PDMS substrate (0.5 
micron, Ecoflex, Solaris) which is again pre-oxidized with UV light. Devices are 
encapsulated with a thin layer of Ecoflex to prevent accidental removal from the substrate. 
An ACF cable (Elform, USA) is bonded to the bonding pad area on the device to enable 
measurement and operation into multiple channels of the device.  
A current source (Model 6221 AC and DC Current Source, Keithley Instruments, 
USA) was used to maintain a constant current. Voltage was measured using a lock-in 
amplifier (SR830, Stanford Research Systems, USA).  Temperature was monitored to 
account for the effect of temperature on resistance using an infrared camera (A655sc, 
FLIR Systems, USA), which has a NETD of 30 mK. Custom written software was used to 
address channels of the device through a multiplexer (U802, FixYourBoard.com, USA), 
operate the lock-In amplifier, and record measurement. 
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3.3 Results and Discussion 
Experimental results can be seen in Figure 3.5. A sharp change in the relative 
resistance change was used to indicate the plastic deformation onset. Error was 
calculated based on the specifications of the infrared camera.  
As expected, the third order fractal has higher stretchability than the second order 
fractal. Figure 3.5 demonstrates the increased durability of the third order fractal, 
stretching twice as far before the onset of plasticity. It should be noted that, in addition to 
increased stretchability, this lengthened onset of plasticity is helpful in applications where 
the devices need not be stretched (e.g. the wound monitoring project in the next section) 
but rather simply needs to accommodate  
With regards to the Peano curve, the arrangement of a third order fractal offers 
several possibilities, each with unique biaxial stretchability mechanics. Figure 3.3 
presents five different Peano-based wire designs for a second order fractal pattern. The 
designs differ in the rotation of cells. It can be seen that there is a trade-off between 
increasing uniaxial stretchability and biaxial stretch tolerance. Transferring devices onto 
pre-strained elastomers increased the stretchability as well. One example of this was a 
device at 40% pre-strain which then could strain 60-70% before plastic deformation, an 
enormous increase over unstrained devices. Tests were attempted to evaluate 
differences between different patterns of fractals. Various second order half-and-half 
fractals were tested and differences were not clearly discernible within experimental 
limits. 
The devices can also be used to create heat. Figure 3.6 demonstrates this 
capability with a high current passing through the device to create temperature variation. 
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The device maintains the ability to produce heat and measure temperature 
simultaneously. The device should not be treated as a point source for regions of close 
proximity, as the heat disperses from the entire sensor. Thus, the high areal density can 
be used to appropriate a more monodistributed application of heat to an area. 
In summary, fractal patterning successfully builds on the fundamental concept of 
serpentine springs that function as electrodes within a flexible substrate. This patterning 
will enable several applications including electrophysiological sensing, magnetic 
resonance imaging, and temperature sensing, which will be discussed in more detail in 
the next section. 
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3.5 Figures 
 
Figure 3.1: The third order Peano curve, as depicted in Figure 1a, contains 
spring-like motifs at small (left), medium (middle, green highlight), and large (right, 
green highlight) length scales. Additionally, the spring-like motifs can orient along 
the x- or y-axes, as illustrated by the two medium springs in the middle plot.   
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Figure 3.2: Representative fractal-inspired layouts for hard-soft materials integration. 
(a) Six different patterns of metal wires fully bonded to elastomer substrates 
demonstrate the application of deterministic fractal designs as general layouts for 
stretchable electronics. These patterns include line, loop and branch-like geometries, 
and they are applicable to a broad range of active and passive electronic components. 
In all cases, arc sections replace the sharp corners from the mathematically defined 
fractal layouts to improve the elastic mechanics. (b) FEM images of each structure 
under elastic tensile strain and (c) their corresponding experimental MicroXCT 
images demonstrate the elastic mechanics. The wires consist of layers of gold (300 
nm) sandwiched by polyimide (1.2 mm) and mounted on an elastomeric substrate 
(0.5 mm). Scale bars, 2 mm.   
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Figure 3.3: Calculated stretchability of metal wires mounted on an 
elastomer in five different second order Peano layouts, given a maximum 
principal strain criterion of 0.3% in any section of the wires. The layouts 
range from ‘all-horizontal’ (subunits are all oriented along the x-axis) to 
‘all-vertical’ (subunits are all oriented along the y-axis). The strain criterion 
defines the transition from elastic to plastic deformation in the wires.   
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Figure 3.4: (a) Experimental setup for device calibration and testing. To 
measure the device resistance via four point probe, we supply 1mA of 
constant current to the device with one pair of wires and measure the voltage 
drop in the device with the second pair of wires using a lock-in amplifier. (b) 
Detailed picture of the fractal-based sample bonded to ACF cables and 
mounted on the uniaxial stretcher. (c) Detailed picture of the prestrained 
fractal sample during mechanical loading and unloading. (d) Summary of the 
calculated and experimentally-measured stretchabilities for half-and half 
samples along the x- and y-axes, delineating the transition point from elastic 
to plastic deformation. 
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Figure 3.5: Mechanics of metal and semiconductor fractal-based structures. (a,d) 
Optical images of metal wires patterned with second and third order half-and-half 
Peano layouts. The samples connect to a stretchable set of four wires used for four-
point probing. Scale bar, 5 mm. (b,e) Plot of differential resistances measured at 
increasing levels of maximum applied strain. The onset of plastic deformation 
corresponds to the strain at which the differential resistance is non-zero. (c,f) A 
comparison between experimental optical images and FEM-constructed images of 
the second and third order structures for different levels of stretching. The FEM 
images display localized areas of high strain in the stretched structures. Scale bar, 
3mm. (g,h) MicroXCT and FEM images of Si NMs patterned into Peano layouts and 
fully bonded to a 40% pre-strained elastomeric substrate. Upon release and uniaxial 
stretching, both structures dissipate the mechanical stress via microscale buckles, 
which is indicative of a mechanical regime well suited for high levels of elastic 
deformation. Scale bar, 1 mm. 
21 
 
  
Figure 3.6. (a) Optical image of a skin-mounted third order Peano 
temperature sensor. Simultaneous measurements of temperature on skin 
with an infrared camera (b) show good agreement. (c) A third order Peano 
device functions as a heater by passing larger amounts of current (order of 
10mA) through the gold wires. The heat distribution within the device is 
uniform with and without stretching due to the space filling properties of the 
wire layout.   
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CHAPTER 4 
 
EPIDERMAL ELECTRONICS IN THE CLINICAL SETTING2 
 
4.1 Introduction 
To capitalize on the promise offered by our novel approach to flexible electronic 
medical devices, it is important to show the practical feasibility at some point. After so 
many exciting developments in less than a decade, the opportunity to do some basic 
medical analysis became possible, and thus an opportunity to prove the viability of our 
flexible-substrate approach. 
As part of an ongoing study, we collaborated with Northwestern Memorial Hospital 
to study the wound healing progress of patients who had Mohs’ surgery to remove basal 
cell carcinoma and prevent cancer spread. At this time, four patients have been fully 
tested, but more are expected. 
 
4.2 Design and Modeling 
The device was designed to take advantage of serpentine fractal motifs which offer 
superior elastic stretchability and enable precise measurements of temperature and 
thermal conductivity under mechanical strain [2]. Figure 4.1 displays the layout and 
mechanical durability of the device. Figure 4.1 (a) depicts the overlay of the various 
materials used to make the device. The polyimide provides mechanical stability for the 
                                                          
2 This chapter includes previously published material from: Hattori, Y.; et al. Adv. Healthcare Mater. 2014, DOI: 
10.1002/adhm.201400073 [1]. I recorded approximately half of clinical measurements and analyzed data sets. I 
had limited involvement with fabrication or modeling for this paper. 
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copper electrode. The silicone layer on top is used to enhance adhesion to the skin as 
well as to protect the device [3]. The bottom silicone layer, the substrate, is important for 
handling of the device. The substrate is black for use in comparing the device-measured 
temperature with the temperature reading from an infrared camera. The high emissivity 
of the black substrate (0.95) ensures accuracy and reduces artifacts. Figures 4.1 (b-e) 
demonstrate the durability of the device. The device is designed to handle strains without 
plasticizing (0.3% local strain within sensor) up to around 15%; however, the application 
does not demand high strain. Rather, it demands strain negligibility for negligible, dynamic 
strains, such as being placed on non-planar skin. Additionally, it is important for the device 
to accommodate strains in handling, such as folding and twisting. 
FEM analysis as seen in Figure 4.2 provides quantitatively analysis of the 
mechanical properties of the sensor region for various possible serpentine patterned 
sensors. Figure 4.2 (d) best represents the sensor used in this project, as it had the 
highest stretchability. Using micro X-ray tomography (MicroXCT 400, Xradia, USA), the 
fractal spatial topology could be imaged. Figure 4.1 (f-g) demonstrate the radial and 
biaxial stretching of the device and that at 15% and 30% strain, local regions of the wire 
only experience 0.25% and 0.85% strain respectively. With this information combined 
with the fracture strain of copper as 0.3% [4, 5], the device can within 15% strain before 
plasticity. This is comparable to the strain deformation allotted by the skin (10-20%) [3, 
6]. Plasticity will affect voltage measurements and require recalibration of a device.  
The device is fabricated as follows. PDMS is spun onto a clean silicon wafer as an 
even layer, and then cured at 150 °C for at least 30 min. PDMS is oxidized by UV light 
and a PI layer of 1.2 um is added and cured at 250 °C. Two methods of adding the metal 
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layer were used. In the first method, chrome (5 nm) and copper (3 um) are deposited by 
electron beam evaporation as described in the previous section. In the second method, 
a 5 um electrodeposited copper foil (Olin Brass) on top a plastic removable layer is 
laminated onto the PI/PDMS/Si substrate and the plastic layer removed. The metal is then 
patterned using standard photolithography techniques and wet etching. The wire width is 
35 um within the sensor region and 50 um for the serpentine wires. The 6 sensors are 
linearly aligned. Another 1.2 um layer of PI is added and patterned and etched using 
reactive ion etching. Water soluble tape (3M) is used to separate the device from the 
wafer substrate. Electron beam evaporation is used to deposit a chromium-silica layer 
with permits transfer onto a separate, final PDMS substrate (0.5 micron, Ecoflex, Solaris) 
which is oxidized with UV light. Devices are encapsulated with a thin layer of Ecoflex (5 
um) to prevent accidental damage or removal from the substrate as well as provide 
something to clean between use on patients. An ACF cable (Elform, USA) is bonded to 
the device bonding pad area to enable measurement and operation into six channels of 
the device. 
 
4.3 Device Characterization 
The device is just one part of the network of equipment and data acquisition 
software used to collect information about the wound. Figure 4.3 summaries the various 
system components including the device (also called wound device or EES (epidermal 
electronics system)), a lock-in amplifier (SR830, Stanford Research Systems, USA), a 
multiplexer (FixYourBoard.com, U802, USA), a laptop, and custom software to 
communicate with the lock-in amplifier via GPIB-USB-HS (National Instruments Corp.) 
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and the multiplexer. The program was able to switch channels of the device via the 
multiplexer and store data from the lock-in amplifier into CSV files. The multiplexer 
connects to a flexible ribbon cable, which is selectively connected to another flexible 
ribbon cable (HST-9805-210, Elform, USA). Finally, a printed circuit board connects to 
the ACF cable and device, creating a completely flexible system outside the multiplexer. 
This enables sequential measurement of temperature and thermal conductivity for each 
of the sensors, thus permitting a spatial output within a small period of time, limiting errors 
caused by disturbance. The custom software was designed with non-engineers in mind 
to facilitate ease of use and troubleshooting. 
The device resistance is influenced by temperature and strain. The fractal pattern 
reduces local strains, but variable resistances of the multiple external cables would still 
create significant artifacts. To render these effects negligible, the four-point probe 
technique isolates voltage drop measurements to the sensor area [2], depicted in Figure 
4.4. Lock-in amplifiers are very sensitive to the settings chosen and Figure 4.3 (b) shows 
other parameters used to minimize noise and enhance signal in this study. 
The current of the temperature measurement (50 µA) is chosen to provide enough 
voltage drop without causing self-heating. The current of the thermal conductivity 
measurement is chosen to produce a small amount of heating, detectable by the infrared 
camera but not naturally by the patient. More heating would improve the resolution of 
measurements. The frequencies are chosen to avoid harmonics from power supplies, 
optimize signal-to-noise ratios (tested empirically), and provide fast measurements. 
Given that tests are performed on actual human patients, it is important to limit testing 
periods to reasonable amounts of time, ideally 10 minutes. 
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The practical application of the device in the clinical setting demands efforts to 
improve the absolute accuracy of the device in addition to ensuring relative accuracy 
between different sensors spatially. The precision of an EES is 50 mK, determined by 
limitations in the analog-to-digital conversion. Absolute accuracy in clinical testing is 
estimated at 200 mK, limited by the parameters of the constant current source used in 
the system. To correlate voltage drop and temperature, a research grade infrared (IR) 
camera (A655SC, FLIR, USA) was used. The NETD of the IR camera is less than 30 mK 
[7]. The high emissivity of the black substrate ensured accuracy of repeatability when 
measuring the temperature of the device. Calibrations such as Figure 4.3 (c) depict the 
linear relationship of resistance and temperature. Periods of 10-15 minutes between 
measurements ensured uniform heat distribution across the plate. Artifacts accounting 
for externalities such as conduction of heat through the device were subtracted evenly 
over all sensors; thus, patterns within the data presented will have absolute gradients of 
temperature. 
 Thermal conductivity, the metric for hydration, is determined using an adaptation 
of three omega (3ω) method. [8] In the 3ω method, an alternating current induces heating 
and resistance changes in the sensor that create a third harmonic oscillation of the voltage 
drop. The method was developed for measuring traditional thin films with a straight wire, 
but here we adapt the method for the flexible, meandering wire. Adaptations have 
previously been made for liquids and other materials. [9, 10] While the layers of the skin 
are combined for the purposes of measurement, further analysis was done to analyze the 
differing characteristics of the epidermis, dermis, and underneath layers. 
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 The thermal conductivity is simple to calculate as it requires just two inputs, i.e. 
two third-harmonic voltages at different frequencies. The original formula uses the first-
harmonic voltage drop across the sensor, but this can be converted into current by 
knowing the resistance of the wire. Thus, the thermal conductivity equals: 
 
𝜆 =
𝑅 𝐼𝑅𝑀𝑆
3  ln
𝑓𝐻𝐼𝐺𝐻
𝑓𝐿𝑂𝑊
4𝜋𝐿 (𝑉3𝜔𝐿𝑂𝑊 − 𝑉3𝜔𝐻𝐼𝐺𝐻)
𝑑𝑅
𝑑𝑇
 
(4-1) 
where R is the nominal resistance of the sensor, IRMS is the root-mean-square current at 
1ω, f_HIGH is a selected higher frequency, f_LOW is a lower frequency, L is the length 
of the sensor (1.03 cm), V_3ω is the measured RMS voltage at 3ω for each frequency, 
and dR/dT is resistance change as a function of temperature, determined by the 
temperature calibration. 
Calibration with solutions of known thermal conductivity is performed and shown 
in Figure 4.3 (d). These known thermal conductivities include air and volume % solutions 
of 0, 25, 50, 75, and 100% ethanol in water [11]. Because the response of the sensor is 
non-linear compared to literature, the response in interpolated within the relationship in 
Figure 4.3 (d). An attempt at modeling the behavior of the wound device is made using 
the finite volume method with 2D approximation as shown in Figure 4.3 (e). Figures 4.3 
(f-h) show the results of the heat distribution through the IR camera and within the different 
layers of the device and the skin. The depth of probing depends highly on the self-heating 
power and the frequency chosen; with the frequencies and current chosen, both the 
epidermis and dermis impact the measured third harmonic voltage. It is also worth noting 
that air bubbles trapped under the device significantly impact the measurement of thermal 
conductivity, as one is more likely measuring purely air.   
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 The impact of mechanical strain on resistance merits evaluation. Although the 
fractal design and 4-point method reduce the effect below that of a traditional wire, the 
inherent strain incurred by a stretchable, flexible device will affect resistance at a 
measurable level, especially if the wire permanently deforms.  Figure 4.5 (a) shows the 
negligible increase in resistance after cyclic uniaxial loading to 15% strain. Additionally, 
at 15% strain the temperature reading increases by only 0.05 °C, which is below the 
practical error in the clinic. Figure 4.5 (b) demonstrates that bending also induces 
negligible changes in the measurement for a bending radius up to 45 mm. For reference, 
the distance between sensor 1 and sensor 6 is 40 mm. Devices could be further improved 
for even less effect of mechanical strain on apparent temperature readings. 
 The temperature readings consistently corresponded with the data from the 
infrared camera. In Figure 4.5 (c), the device was laminated across the forearm, which is 
a location with a sharp temperature gradient due to the arteries. The figure shows that 
the infrared camera and device can simultaneously operate. Figure 4.5 (d) shows the 
relative agreement between the two measurements. Although there is some 
disagreement, it is within the error of the device (0.2 °C) and must be considered over the 
range of the temperature variation. Shifting 0.6 ± 0.4 °C corrects for convection on the 
device surface. 
 A similar experiment confirms the sensitivity to changes in thermal conductivity. 
Figure 4.5 (e) shows a measurement on the forearm with a wet paper towel placed under 
the middle sensor (sensor 3). The infrared camera cannot measure thermal conductivity 
for comparative purposes, but water (0.62 W/mK at 32 °C) [11] and skin (0.2 W/mK in 
Figure 4.5 (e) and [12], but it varies) have distinctly different thermal conductivities. This 
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experiment demonstrates the feasibility of measurement as well as the isolation between 
sensors. 
Arguably, the most important mechanical deformations in the clinical setting will 
not occur when stretching the device deliberately, but from simple “wear and tear.” And 
because the device should be reusable, it will not only undergo use when laminating onto 
the skin, but also during cleaning steps, when disinfectant is applied. Figure 4.5 (g) 
demonstrates the cycling behavior of the thermal conductivity accuracy of the device on 
a solid (OPTIX, Plaskolite, USA), liquid (50 vol.% solution of water and ethanol), and a 
gas (regular air). The experiment shows that there is general consistency with the 
measurement, albeit variation is discernable and thus future designs should account for 
the errors which may include variations in environment, plasticity resulting from handling, 
and errors resulting from external equipment. It should be noted that the device laminated 
extremely well to the acrylic board and this could have caused plasticity throughout the 
experiment. Nonetheless, the experiment demonstrates reasonable accuracy for at least 
20 cleaning cycles, after which the experiment ended. In a similar experiment, the device 
is laminated and removed from the epidermis 20 times as shown in Figure 4.5 (h). This 
experiment also shows general consistency with a precision of 4%. This result suggests 
the repeatability of conformal contact with the skin, which is essential for clinical use. 
Mechanical peel tests with a force gauge (Mark-10, USA) measure the adhesion between 
the device and the skin to be 0.5 N/m. 
The device was compared with medical tape with regards to adhesion and skin 
irritation. The device and tape (3M, USA) were laminated and peeled off the forearm. A 
digital contact microscope was used to qualitatively evaluate irritation. After 30 cycles, the 
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device did not cause significant irritation, but the tape caused slight visible irritation. 
Figure 4.6 (a-c) depicts this experimental process and results. Figure 4.6 (e-f) compares 
the surface chemistries of the two. The Ecoflex layer (silicone) of the device, while 
extremely conformal, contains methyl bonds which generally have weak chemical 
interactions. The thinness of the device enhances the local conformality of the device to 
ensure adhesion. Meanwhile, the polyacrylate-based tape requires stronger chemical 
bonds to provide adhesion; however, peeling the tape may result in partial exfoliation of 
the stratum corneum, causing irritation. Figure 4.6 (f) shows the cell cultures of human 
keratinocytes were able to survive on the devices.  
Prior to tests, areas are shaved and wiped with commercial alcohol wipes. Hair will 
inhibit lamination and disrupt thermal conductivity measurements. Devices are cleaned 
after every use with a diluted solution of a commercial ammonium chloride-based 
disinfectant. The procedures follows hospital recommendations, in which the disinfectant 
was sprayed onto the skin-contact side for at least 10 minutes. Due to the hydrophobicity 
of silicones, it may be necessary to spray thoroughly. Then the device was lowered into 
a container of water and allowed to air-dry or gently patted with wipes. No residue was 
observed. 
 
4.4 Clinical Results and Discussion 
 Four patients with incisional cutaneous wound sites have participated thus far in 
the study. Two devices (and complete measurement systems) are used, one near the 
wound location and the other in a control location. The wound-side device places sensor 
1 as close to the incision as possible without contacting it. The control-side device was 
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placed as symmetrically as possible on the contralateral side or else far from the wound-
side device but in a comparable area. The control served to monitor variations of body 
temperature and hydration resulting from the natural processes of the body. The 
contralateral site also establishes the baseline temperature to reference against the 
wound-side data. It is expected that the wound will be in the inflammation phase when 
the temperature gradient is strongest compared to the control side. An example can be 
seen in Figure 4.7 (a-b). The device measures 6 temperature points and 3 thermal 
conductivity points over 45 mm. “Normalized temperature” refers to the temperature 
compared with sensor 6, the sensor which is furthest from the wound. The IR camera was 
adjusted to separately monitor each site to improve accuracy. The systems were 
optimized to facilitate quick and simple recording and data analysis. All steps could be 
performed ideally in 10 minutes, outlines in Figure 4.7 (c). The thermal conductivity 
measurement is done first because it gauges the quality of lamination on the skin, i.e. can 
detect air pockets between the skin and sensor. These air pockets affect the temperature 
measurement as well, although not as severely as they do the thermal conductivity 
measurement. 
Patients came in for measurement five times: before surgery, after surgery, on day 
3, on day 14, and on day 30. Photos and patient’s marking were helpful in replicating 
device locations between measurements. Measurements on the wound and control sides 
began simultaneously. Throughout the project, all patients reported no pain concerning 
lamination, measurement, and delamination of the device. 
 Figure 4.8 summarizes the data accumulated for Patient 1. Patient 1 was a 62 year 
old male with granulation tissue near the ankle. There was a sudden increase in 
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normalized temperature near the wound site on day 3. The area did not appear infected. 
It is important to note the differences in absolute temperature among all data for all 
patients. This difference of absolute temperature between visits is attributed to natural 
temperature dynamics of the body.  
 Figure 4.9 summarizes the data accumulated for Patient 2. Patient 2 was a 79 year 
old female with granulated tissue on her shin. There was a sudden increase near the 
wound site on day 15. The thermal conductivity was highest on day 30. The area did not 
appear infected. 
 Figure 4.10 summarizes the data accumulated for Patient 3. Patient 3 was a 54 
year old male with a sutured wound on his sternum. Significant temperature increases 
were observed on day 3 and day 15. In contrast, thermal conductivity remained relatively 
constant for all visits. The area did not appear infected.  
 Figure 4.11 summarizes the data accumulated for Patient 4. Patient 4 was an 84 
year old male with a sutured wound on his forearm. No significant temperature gradients 
were observed. Thermal conductivity was lowest on day 15. The area did not appear 
infected. 
 More patients are required before medical conclusions are meritable; however, 
initial data are promising. For two patients, temperature gradients were observed during 
periods of time that would correspond with the inflammation phase of the wound healing 
process. The other two patients were noticeably older, a factor requiring further research 
and analysis. The thermal conductivity data did not point to any obvious trends, but further 
data acquisition and analysis should be gathered to analyze the spatial and time-varying 
hydration of the skin near wounds. 
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 The device and system design holds promise for future work. Even with the “thick” 
device (500 µm), conformal contact could be ensured for all measurements as shown by 
the thermal conductivity measurements. Patients consistently reported no pain 
throughout the measurement process. The device did not contribute to visible wound 
infection. 
Most importantly, the device and measurement system facilitated quantitative 
measurement of relevant biometrics for cutaneous wound management. The mechanical 
and electronic properties of the stretchable, flexible device enabled recyclability of use 
without significantly diminishing capabilities in a real clinical setting. Future work could 
aim to design devices to surround or cover the wound area, measure electromyograms, 
pH levels, strain (inflammation), and more. Equipment involved in data acquisition could 
also be simplified and optimized. Spatial optimizations could introduce higher density, 
wider sensor arrays. The ongoing study will offer much insight into pursuing a better 
understanding of detectable characteristics within the wound healing process. 
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4.6 Figures 
 
 
Figure 4.1. Device design and mechanics modeling. a) Schematic 
illustration of an EES. b) Image of an device under c) uniaxial 
stretching, multimodal folding and d) biaxial stretching and twisting and 
720° twisting (e). f) Top view and tilted view g) micro-XCT images of 
the device in (d). h) FEM analysis and experimental study of a fractal 
construct under uniaxial stretching; FEM (top) and experiment 
(bottom). The inset in the middle illustrates the neutral mechanical 
plane (NMP) of the metal with polyimide (PI) encapsulation.   
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Figure 4.2: FEM analysis of elastic, biaxial stretching. (a) Regular 
meandering curve. (b) Serpentine trace. (c) Fractal geometry (Peano 
curve, ‘all vertical’). (d) Fractal geometry (Peano curve, ‘half and half’).   
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Figure 4.3: Multifunctional characteristics. a) Data acquisition system. b) 
Parameters of the lock-in amplifi er for measurement of temperature and 
thermal conductivity. c) Electrical resistance of six sensors in an EES, as 
a function of surface temperature. d) Measurement of thermal conductivity 
by an EES. e) Simulation of the oscillating temperature distribution 
induced in the skin by the EES. f) IR thermography during Joule heating 
(35 mA) using one of the sensors in the EES as a micro-heater. g) 
Simulation of the rise in temperature on the surface of the device upon 
Joule heating (35 mA). h) Simulation of the rise in temperature on the skin 
tissue on the device surface upon Joule heating.   
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Figure 4.4: Electrical circuit configuration for voltage measurement 
across a fractal-based sensor.  The voltage drop in the fractal 
sensor part is measured using 4 point-probe technique.  The 
trigger signal generated from the current source is used as a 
reference signal in lock-in amplifier.    
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Figure 4.5: Device characterization. a) Effect of mechanical stretching on the 
measured temperature. b) Effect of bending on the measured temperature. c) IR 
thermogram of the forearm with an EES mounted. d) Temperature distribution on 
the skin measured by the IR camera and the EES along blue dotted line shown 
in (c). The horizontal axis shows the distance from the top of the heater. e) EES 
mounted on the forearm with a wet paper towel that covers sensor #3. f) 
Distribution of measured thermal conductivity of the skin. The value from sensor 
#3 shows a clear, expected difference from the other sensors. g) Thermal 
conductivity of air, 50% ethanol, and acrylic sheet measured after multiple cycles 
of cleaning. The straight lines in the graph show the actual values. h) Thermal 
conductivity measured on the forearm 20 times on one individual.   
40 
 
 
 
Figure 4.6: Use of an EES on human subjects in a clinical setting. a) EES 
process. Other works regarding hydration monitoring have laminated on the 
skin (forearm) after sterilization. b) Microscope images of the skin with 30 
separate processes of mounting and removing an EES. c) Microscope 
image of the skin after the medical tape removal (1) and image of the tape 
surface (2). d) Illustration of the materials interface between the EES and 
skin e) Illustration of the medical tape and skin. f) Fluorescence images of 
viability of skin cells grown on an EES (left) and the results of control 
experiments on standard cell culture materials (right). Most of the cells on 
the EES remain viable (“red” cells).   
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Figure 4.7: a) Clinical setting for wound monitoring in a typical exam room. 
b) EES laminated on wound and contralateral control) sites. c) Assessment 
sequence and estimated time. 
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Figure 4.8: Quantitative monitoring of a granulating wound with an EES. 
a) Representative photos of the wound with an EES from day 1 to day 30. 
b) Corresponding IR images of the temperature distribution associated with (a). 
c) Temperature distribution recorded with an EES (inset) over the course of one 
month after the surgery. The six sensors span a distance of 45 mm in lateral 
direction, starting near the wound site. d) Temperature distribution on a contralateral 
side. e) Thermal conductivity (T.C.) recorded with three sensors in an EES (inset). 
f) Thermal conductivity (T.C.) on a contralateral side as a control. 
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Figure 4.9: Quantitative monitoring of a granulating wound with an EES. 
a) Representative photos of the wound with an EES from day 1 to day 30. 
b) Corresponding IR images of the temperature distribution associated with 
(a). c) Temperature distribution recorded with an EES (inset) over the course 
of one month after the surgery. The six sensors span a distance of 45 mm 
in lateral direction, starting near the wound site. d) Temperature distribution 
on a contralateral side. e) Thermal conductivity (T.C.) recorded with three 
sensors in an EES (inset). f) Thermal conductivity (T.C.) on a contralateral 
side as a control. 
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Figure 4.10: Quantitative monitoring of a granulating wound with an EES. 
a) Representative photos of the wound with an EES from day 1 to day 30. 
b) Corresponding IR images of the temperature distribution associated with 
(a). c) Temperature distribution recorded with an EES (inset) over the course 
of one month after the surgery. The six sensors span a distance of 45 mm 
in lateral direction, starting near the wound site. d) Temperature distribution 
on a contralateral side. e) Thermal conductivity (T.C.) recorded with three 
sensors in an EES (inset). f) Thermal conductivity (T.C.) on a contralateral 
side as a control. 
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Figure 4.11: Quantitative monitoring of a granulating wound with an EES. a) 
Representative photos of the wound with an EES from day 1 to day 30. b) 
Corresponding IR images of the temperature distribution associated with (a). 
c) Temperature distribution recorded with an EES (inset) over the course of 
one month after the surgery. The six sensors span a distance of 45 mm in 
lateral direction, starting near the wound site. d) Temperature distribution on 
a contralateral side. e) Thermal conductivity (T.C.) recorded with three 
sensors in an EES (inset). f) Thermal conductivity (T.C.) on a contralateral 
side as a control. 
